Matter-wave interferometers are, in principle, orders of magnitude more sensitive than their optical counterparts. Nevertheless, creation of matter-wave currents to achieve such a sensitivity is a continuing challenge. Here, we propose the use of Optical Angular Momentum (OAM) induced vortex superpositions in Bose-Einstein Condensates (BECs) as an alternative to atom interferometers for gyroscopy. The coherent superposition of two counter-rotating vortex states of a trapped condensate leads to an interference pattern that rotates by an angle proportional to the angular velocity of the rotating trap -in accordance with the Sagnac effect. We show that the rotation rate can be easily read out and that the device is highly stable. The signal-to-noise ratio and sensitivity of the scheme are also discussed.
Matter-wave interferometers [1] , which use atomic beams in place of coherent light beams, have been investigated extensively in the past decade in the context of metrology. The main advantage of matter-wave interferometers (employing beam of atoms with atomic mass m) stems from the fact that they offer sensitivities higher by a factor of about mc 2 /hω ≈ 10 10 in comparison with optical interferometers (employing laser light of angular frequency ω) [2] , where c is the speed of light andh is Planck's constant divided by 2π. The matterwave interferometers naturally require mirrors and beam splitters for atomic beams [5] , which are much more complex devices compared to their optical counterparts, resulting in added complications to the interferometric setup. Thus better schemes for interferometric metrology are actively being pursued.
In particular for gyroscopy, which deals with measurement of angular velocity of the laboratory frame of reference, the interferometer is known as Sagnac interferometer [3, 4] ; it employs two counter-propagating waves (light or matter) that experience a phase shift, termed as Sagnac phase shift, proportional to the area of the interferometer and the angular velocity of the lab frame. Recently, a hybrid scheme has been proposed that uses alkali atom vapor cells, acting as a slow light medium, in the path of an optical Sagnac interferometer to obtain higher sensitivity for gyroscopy [6] . There is also another proposal employing entangled, parametrically downconverted photons to attain Heisenberg-limit of sensitivity for Sagnac interferometry [7] . In this letter, for the first time, we propose the use of vortex superpositions in Bose-Einstein Condensates (BEC) [8] as a Sagnac interferometer. As illustrated later this scheme provides a compact and robust scheme for gyroscopy without the need of traditional interferometers employing mirrors, beam splitters and single photon or atomic state-selective detectors.
Light carrying orbital angular momentum (OAM) [9] allows coherent generation of vortices in BECs [10, 11] . In * Electronic address: KT-Kapale@wiu.edu fact, two of us (KTK and JPD) have taken this idea further and proposed coherent generation of arbitrary and coherent superpositions of two counter-rotating vortices in BEC [12] . These schemes for coherent transfer of orbital angular momentum from light to atoms have been experimentally verified as well, albeit in freely falling clouds of atoms [13, 14] . The experimentally generated vortices, which are falling under gravity, would be naturally difficult to employ for gyroscopy. With an eye on application to gyroscopy, we extended our original proposal [12] further and devised a robust Stimulated Raman Adiabatic Passage (STIRAP) [15] based transfer scheme to create a superposition of arbitrary vortices in BEC [16] . Once such a vortex superposition is created, the condensate density distribution shows an interference pattern determined by the phase difference between the amplitudes and charges of the two vortex components. The BEC trap then behaves as an interferometer and can be used to measure small changes in the phase caused by rotation of the trap or the laboratory frame of reference.
Two important benchmarks for any gyroscope are its sensitivity and stability. The atomic-beam gyroscopes, while having high sensitivity (10 −9 s −1 Hz −1/2 ), also suffer from instability due to a drift caused by fluctuations in the beam direction and thermal expansion of the beam diameter. Since the sensitivity of the Sagnac-effect based gyroscope is directly proportional to the area of the interferometer, there is a tradeoff between sensitivity and stability. We show that employing BEC vortex superposition leads to a highly stable gyroscope.
First, we briefly outline the scheme for generation of arbitrary vortex superpositions in a BEC using light carrying OAM superpositions discussed in detail in our earlier papers [12, 16] . The procedure involves three steps-(i) Generation of pure OAM of light by passing a normal gaussian laser beam through a computer generated hologram followed by an OAM sorter [17] ; (ii) Preparation of OAM state superposition through an interferometric scheme outlined in Ref. [12] ; (iii) Transfer of the optical OAM superposition to a vortex superposition in BEC through a coherent Raman coupling scheme depicted in Fig. 1 M-type level scheme due to the two rotational components in the final state. The condensate is initially in the ground state Ψ 0 (r,t). The robust and complete transfer to an arbitrary superposition of vortex states Ψ + (r,t) and Ψ − (r,t) is possible through STIRAP like counter-intuitive pulse sequence. The spatio-temporal BEC wavefunctions, in the Thomas-Fermi (TF) approximation, are given by the ansatz:
where
Here, V (ρ) is the transverse Mexican hat atom-trap potential which is harmonic in the z direction [18] . Also, µ is the chemical potential and the atom-atom interaction parameter η = 4πha/m where a is the s-wave scattering length and m is the mass of the atoms. Substituting the above wavefunctions in the Gross-Pitaevskii equations for the condensate and solving for the temporal amplitudes of different rotational states α(t), β (t) and γ(t) and transfer function
we find that robust and complete transfer from a non-rotating state to an arbitrary twocomponent vortex superposition is possible. In the long time limit t → ∞, the resulting normalized superposition state is given by: This superposition amounts to counter-rotating matterwave currents causing the density profile of the BEC to be the interference pattern given by:
where ψ(l, ρ, z) is the azimuthally symmetric spatial profile which is common to the two counter-rotating vortex components when they share a common vortex-charge magnitude. This density distribution at z = 0 is plotted in Fig. 3 . When the trap (or laboratory) itself rotates in time about the z axis, the two counter-rotating matter waves pick up different phases and Eq. (2) is modified to Ψ Ω (r,t) = b + Ψ + (r)e iφ (t) + b − Ψ − (r)e −iφ (t) .
The phase φ (t) accumulated over a given time duration can be calculated using the prescription of the optical Sagnac effect, in which two optical beams counter propagate in a closed loop. In an optical interferometer with the light of wavelength λ , the phase in one round trip of the interferometer by each component wave, is given by φ opt = 4A · Ω/(λ c), where c is the velocity of light, A is the area and Ω, which is treated as a vector here, is the angular velocity of the interferometer [4] . For a BEC composed of atoms with atomic mass m, λ c →h/m, and the area of the interferometer is given by the cross-sectional area of the trapped BEC cloud. Assuming that the interferometer rotates about a z axis the Sagnac phase accumulated is given by [2] φ
where N(t) is the number of times an atom goes around the trap center in time t. Noting that each atom in the BEC cloud has the same magnitude of the angular momentum we can determine the linear velocity, period (T ) and as a result N(t) = t/T , as a function of time and l to arrive at N(t) = thl/(2mπr 2 ) = thl/(mA) and thus
Thus, the accumulated phase in time t is proportional to the time, angular velocity of the laboratory frame and the magnitude of the vortex charge in the superposition. Even though the area dependence is not explicit in the above formula, the dependence on l implicitly includes the number of round trips performed by each atom in unit time and the area of the interferometer. In this case, the transverse density distribution (at z = 0) is modified to
which when compared with Eq. (3) signifies rotation of the interference pattern by an angle φ Ω (t)/(2|l|) as the Sagnac phase accumulates over time. Following the rotation of a line drawn in the dark region of the interference pattern in the density profile allows determination of the angular velocity Ω. The precision in measuring the angular velocity depends on the sensitivity of the BEC density measurement. We suggest the phase contrast optical imaging of BEC clouds as a non-destructive technique that has been extensively used for in situ imaging of trapped BECs [19, 20] for imaging the rotating BEC cloud. In this technique, images are formed by photons scattered coherently from a condensate. The phase modulation of the probe through the BEC cloud is converted to amplitude modulation by retarding the transmitted light. In the following we discuss the signal-to-noise ratio (SNR) and the sensitivity achievable in such a detection scheme.
The SNR is given by the ratio of the rotational phase shift to the shot-noise that depends on the number of scattered photons N sc arriving at the detector per second [6] ,
where N sc is the number of scattered probe photons arriving at the detector per second from the condensate. From Eq. (7), it appears that the SNR can be indefinitely increased by using higher probe-field Rabi frequency of the probe field in the phase contrast imaging scheme. However, increasing the probe intensity enhances the risk of losing atoms from the BEC and thereby reducing the number of scattered photons from the BEC cloud and effectively reducing the SNR. An optimum balance can be reached for an atomic cloud of a given density as depicted in Fig. 4 . For our current analysis, we assume that the condensate holds 10 6 atoms in a pancake shaped trap with dimensions L x = L y = 2.4 µm and L z = 0.8 µm.
On average the detector receives on the order of 10 6 scattered photons per 0.1 ms i.e. 10 10 photon per second from the BEC.
In Fig. 4 we plot the SNR as a function of the number of photons detected. We model the loss of atoms from the BEC with increasing photon scattering with an exponential dependence of the SNR on the photon number. The final SNR has a maximum at a certain rate of photon detection. The sensitivity Ω min is calculated by setting SNR = 1. The sensitivity of this device strongly depends on the value of the vortex charge and the general formula can be obtained by fixing SNR = 1 to obtain Ω min = 1/(2lt √ N sc ). We choose a conservative value for the magnitude of the vortex charge to be l = 100; such a high-charge vortex can be accommodated in the Sombrero trap with appropriate choice of the trap parameters. Thus the numerical value for smallest rotational speed measurable is calculated to be Ω min = 5 × 10 −8 rad s −1 Hz −1/2 (for t = 1 sec and N sc = 10 10 s −1 ) which is slightly worse than the sensitivity of about 10 −9 s −1 Hz −1/2 reported for the state-of-the-art atomic-beam gyroscopes [6, 21, 22] . Despite the slightly lower sensitivity, our scheme offers tremendous simplicity and robustness in comparison with the other matter-wave interferometers. Furthermore, there are several avenues to enhance the sensitivity of our scheme simply by (i) improvement in the nondestructive imaging of BEC, (ii) allowing phase accumulation for longer times if accuracy is more important than speed or in the case when the rotational speed to be detected is not changing rapidly with time, and (iii) by performing simultaneous measurements on about 10000 BEC clouds arranged in a 2D optical lattice to easily surpass the current atomic-beam based gyroscopes.
To address the stability of our proposed gyroscope, it helps to note that beam drift is an important source of instability in the long-integration-time gyroscopy employing traditional atomic or optical beams. In BEC vortices, angular momentum is quantized and all the atoms move with a common angular velocity and besides having to maintain the trapping potential no complicated maneuvering of the atomic beams is required. Also thermal expansion over long beam trajectories is not an issue for a trapped BEC. Thus our proposal eliminates the drift problem commonly faced by current atomic gyroscopes with drifts are on the order of 68 µdeg/h after about four hours of operation [23] .
The area of the interferometer is one of the important parameter governing the sensitivity; in our scheme the size of the BEC trap, which a few mm 2 , is the area of the interferometer. On the other hand, the typical area of an atom beam gyroscope is about 4 m 2 [23] . Thus despite such a large difference in the area, current numbers for sensitivity for the vortex-based gyroscope are only slightly worse than that of the state-of-theart atomic gyroscopes. Several methods are already available for improving the sensitivity of the vortex based gyroscope such as using higher density BEC clouds, using optical lattice of BECs [24] and improving the sensitivity and speed of the BEC imaging techniques. An important point to note is that for the BEC-vortex gyroscope an increase in sensitivity (by increasing the area) does not correspond to a decrease in stability. The stability can be maintained and enhanced by manipulating the geometry of the BEC trap and optical beams used to create the vortex superposition. Further, if it is necessary to replenish the trap with a fresh BEC cloud it can be noted that creating and reloading BECs has become a routine procedure with improvements in the experimental techniques coming regulary.
In summary, we have presented a new and simplified scheme for a matter-wave gyroscope. The superpositions of oppositely 'charged' OAM beams of light are employed to coherently transfer a non-rotating ground state BEC into a superposition of two counter-rotating vortices. The rotational momenta acquired by the BEC wave function gives an interferometric Sagnac effect that can be used to sense the rotation of the trap itself. The slightly worse sensitivity of the proposed gyroscope compared with the corresponding experimental value of sensitivity for atomic-beam based gyroscopes is not a significant drawback in light of the advantages offered by it. The advantages include-a compact and robust setup, no need of the guiding mechanism (beamsplitters and mirrors) for atoms and elimination of the drift problem. The sensitivity can surely be improved with improved experimental techniques.
